Interleukin 9 (IL-9) is a T-cell-derived lymphokine that induces the proliferation of various lymphold and hemopoietic cells. A cDNA done encoding the murine receptor was isolated by expression cloning in COS cells and screening with 12SI-labeled IL-9. Transient expression of this cDNA produced high-affinity binding sites for IL-9. The predcid 52-kDa protein contains a putative signal peptide and a pical trsembrane domain. A cDNA for the human homoogue was isolated by cross-hybridization. Transfection of this cDNA in a murine T-cell cone conferred responsiveness to human IL-9. Sequence analysis revealed that the IL-9 receptor belongs to the recently described hematopoletin receptor superfamily and is expressed in membrane-bound and soluble forms.
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Interleukin 9 (IL-9) was originally identified as a growth factor for murine T helper cell clones (1, 2), murine mast cell lines (3, 4) , and a human megakaryoblastic leukemia line (5) . Subsequently, additional biological targets were discovered including murine fetal thymocytes (6) , murine erythroid progenitors (7) , human T-cell lines (8) , and human erythroid and myeloid precursors (9, 10) . Moreover, involvement of IL-9 in tumorigenesis has been recently suggested by the observations that a murine T helper clone becomes tumorigenic after transfection with the IL-9 cDNA (11) and that lymph nodes from patients with Hodgkin disease or large-cell anaplastic lymphoma express IL-9 constitutively (12) .
Preliminary characterization of the IL-9 receptor on a murine T-cell clone has demonstrated the existence of saturable and specific binding sites with a Kd of -100 pM. Cross-linking analysis showed that the IL-9 receptor consists of a 64-kDa glycoprotein, the molecular mass of which is reduced to 54 kDa on treatment with N-glycosidase F (13) .
We report here the expression cloning and sequence of a cDNA encoding the murine IL-9 receptor.t This cDNA was further used to identify a human homologue.t MATERIALS AND METHODS Construction of cDNA Libraries. Poly(A)+ RNA extracted from the murine T-cell clone TS1 (1) was converted to double-stranded cDNA by the method of Gubler and Hoffman (14) with random hexanucleotide primers. EcoRI adaptors were attached and cDNA larger than 1.5 kilobases (kb) was isolated by fractionation on a 5-201% (wt/vol) potassium acetate gradient (15) . The size-selected cDNA was inserted into the EcoRI site of the pCDSRa expression vector (16) . Two additional cDNA libraries were generated in the BstXI site of the pCDM8 vector (15) with oligo(dT) or random primers. A human cDNA library was constructed by the same method in the pRC/RSV plasmid (Invitrogen, San Diego) with RNA from the megakaryoblastic leukemia cell line Mo7E (17) .
Transient Expression and Biding Assays. Purified recombinant murine IL-9 was radiolabeled using the Bolton and Hunter reagent as described (18) to yield material with a specific activity of 2300 cpm/fmol. Screening of cDNA pools by direct expression in COS cells was performed essentially as described by Gearing et al. (19) . The murine cDNA library was subfractionated into 100 pools (each containing '-500 clones), and DNA from each pool was transfected by the DEAE-dextran/chloroquine method (15) and cultured in the presence of G418 (2.5 mg/ml, GIBCO) and mouse IL-9. Under these conditions, the frequency of transfection was -1/10,000. After G418 selection, transfected cells were maintained in human IL-9 and a TS1 proliferation assay was performed as described (1). Human recombinant IL-9 and mouse recombinant IL-9 were expressed in Spodoptera frugiperda cells using a baculovirus vector and purified as described (13) . IL-9 units were defined on TS1 and on Mo7E cells for the murine and human proteins, respectively (1, 5 receptor and M84747 for the human IL-9 receptor).
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Proc. Nat. Acad. Sci. USA 89 (1992) 5691 selected as a source of mRNA to construct a cDNA library in the expression vector pCDSRa. Plasmid DNA from pools of 500 clones was transfected into subconfluent monolayers of COS cells seeded on glass microscope slides. After 2 or 3 days, transfected cells were incubated with 125I-labeled IL-9 and screened by autoradiography by the method of Gearing et al. (19) . Two of 100 cDNA pools proved positive, respectively, for 1 and 33 cells out of the 1.5 x 105 transfected cells.
The second pool was divided into 100 groups (each containing 15 clones) and finally into 100 single clones that were screened by conventional binding. This procedure led to the isolation of a cDNA clone, named p9RA1, containing a 1900-base-pair (bp) cDNA. To ensure that p9RA1 encoded the murine IL-9 receptor, binding studies were performed on transfected COS cells. Scatchard analysis demonstrated the presence of a single class of binding sites with a Kd value of 194 pM ( Fig. 1) , slightly higher than the dissociation constant measured on TS1 cells (67 pM).
RNA Blot Analysis and Isolation of Additional cDNAs. RNA blot analysis of TS1 cells with the 1.9-kb insert as a probe showed two major bands at about 4.5 and 2.5 kb and a minor band at 2 kb (Fig. 2) . These transcripts were detected in another IL-9-responsive T-cell clone, TUC5.37, but not in other cell lines such as CTLL (an IL-2-dependent cytolytic T-cell line), MOPC104E (an IL-6-dependent plasmacytoma cell line), FDCP-1 (an IL-3-dependent myeloid cell line), and TUC13.1 (a T helper clone unresponsive to IL-9).
The p9RA1 cDNA was further used as a probe to obtain additional clones. Two oligo(dT)-primed cDNAs, p9RB1 and p9RB3 (1600 and 900 bp, respectively), and four randomprimed clones, p9RC2, p9RC3, p9RC4, and p9RC9 (2000, 1000, 3000, and 2100 bp, respectively), were isolated and further analyzed. As was found for p9RA1, transient expression experiments performed with p9RC4, the largest cDNA, demonstrated high-affinity binding sites for IL-9 (Kd = 126 pM; data not shown) and RNA analysis showed the same three bands in RNA from IL-9-responsive cells.
Structure of the Murine IL-9 Receptor. The sequence of p9RC4, which turned out to be the most complete cDNA out of the seven clones sequenced, displayed a single open reading frame encoding a protein of 468 amino acids (Fig. 3) . Two hydrophobic regions were predicted from the deduced amino acid sequence. The first at residues 15-40 probably corresponds to the signal peptide. Based on the probability weight matrix described by von Heijne (22) , the potential cleavage site is assigned between positions 37 and 38. The second hydrophobic region at amino acids 271-291 presumably constitutes the transmembrane domain.
The putative extracellular domain was composed of 233 amino acids and contained six cysteines and two potential N-linked glycosylation sites, in positions 116 and 155. A WSEWS motif, typical for the hematopoietin receptor superfamily (23) Comparison of the extracellular domains of the p9RC4 clone and other positive clones revealed the following features. In contrast to p9RC4 and p9RB1, the original clone p9RA1 and the p9RB3 cDNA contained an additional glutamine residue between Glu-192 and Ala-193 without any frameshift. Moreover, at the same site, a 22-nucleotide deletion was observed in p9RC2 clone. These findings, and the presence of a potential intronic sequence in p9RC9, suggest alternative splicing events.
In this respect, analysis of the p9RB3 clone implied the existence of a soluble form of the IL-9 receptor. p9RB3 cDNA indeed contained a large part of the extracellular domain but lacked nucleotides 648-1719 encoding the end of the extracellular domain, the transmembrane domain, and the cytoplasmic domain. The cytoplasmic domain of p9RA1 differed from that of all the other clones by a stop codon after Ala-378 followed by a 736-bp sequence unrelated to other cDNAs sequenced so far and possibly resulting from a cloning artefact.
A cDNA Encoding a Human IL-9 Receptor. A randomprimed cDNA library prepared from polyadenylylated RNA of human megakaryoblastic leukemia Mo7E was screened by using the p9RA1 cDNA as a probe. Six cross-hybridizing clones, named ph9RA2, -3, -4, -5, -6, and -9, were isolated and sequenced. Although the coding sequence ofthe majority of these clones was interrupted by putative intronic sequences, the coding sequence of the ph9RA3 cDNA contained a 1566-bp open reading frame showing 66% identity with the murine p9RC4 sequence. Comparison of the murine and human deduced protein sequences is shown in Fig. 4 RNA analysis showed that the murine IL-9 receptor mRNA consists of at least three transcripts of different sizes probably due to alternative polyadenylylation signals and alternative splicing, as suggested by sequencing of a variety of independent clones. In addition to membrane-bound receptor forms, we identified a murine cDNA encoding a putative soluble form of the protein resulting from the deletion of the sequences encoding the transmembrane and cytoplasmic domains. The possibility of a cloning artefact was excluded by the detection of both membrane-bound and soluble forms of the IL-9 receptor by a PCR performed on TS1 RNA (data not shown). Soluble receptor cDNAs have been described for murine IL-4 (24), human IL-5 (25) , and human IL-7 receptors (20) , and soluble IL-6 and interferon y receptors have been found in human urine, presumably resulting from proteolytic cleavage (26) . Besides their putative physiological role in the regulation of the immune responses, these molecules could provide us with highly specific tools for modulating the activity of their corresponding ligands, either by blocking the active site or by mediating interactions with another cell surface glycoprotein as was described for the IL-6 receptor (27) .
The mechanisms of signal transduction by cytokine receptors are still poorly understood. A high percentage of serine and proline residues have been found in the cytoplasmic domain of some IL receptors (20, 24) . Interestingly, both the murine and the human IL-9 receptors contain high numbers of serines and prolines. A particularly intriguing stretch of nine successive serines was found in the human protein. The functional significance of these residues and that of the potential protein kinase C phosphorylation site conserved in both proteins will need further investigation.
